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unlikely to be haploid males, or arise
because the queen’s mate or the
foreign worker(s) share one allele with
the queen at each locus. The most
parsimonious explanation is that
these brood were parthenogenetic
offspring of queens. Previous studies
revealed that Cape honeybee
workers reproduce by automictic
parthenogenesis with central fusion,
restoring diploidy by fusion of the
two central meiotic products.
Consequently, offspring share the
same genotype as their mother at loci
that did not cross-over. Under this
mode of reproduction, the probability
that a heterozygous locus becomes
homozygous is at most one-third per
generation [11]. Jordan et al. [3] found
much higher rates, with three of the
16 queen-produced daughters and
seven of the 23 worker-produced
daughters being homozygous at all
loci. Other modes of parthenogenesis
that might explain the high rate of
homozygosity — such as apomictic
parthenogenesis or automictic
parthenogenesis with terminal
fusion — are incompatible with the
sex determination mechanism in
honeybees, where only individuals
heterozygous at the sex-determining
locus become female; eight of the 10
homozygous brood were shown to
be female through morphology or
microsatellite analysis at the U_351B
microsatellite, which is located near
the sex locus.
Two possibilities may explain
the apparent preservation of
heterozygosity at the sex-determining
region in highly homozygous
individuals. First, there may have
been genomic duplication in the
sex-determining region, such that the
U_351B primers amplify two different
microsatellites and homozygous
individuals might appear heterozygous
at U_351B (if the duplicated regions
are different sizes) and develop as
females (if the two copies of the
sex-determining locus are functional).
The second possibility is that a peculiar
system of reproduction maintains
heterozygosity in the sex chromosome
region, via automictic parthenogenesis
with terminal fusion (in the absence of
recombination). But this would require
the sex locus to be located near the
centromere where there is little
recombination, which is not the case
in the honeybee [11]. We propose
a novel mode of reproduction to
explain these data, involving ameiotic
parthenogenesis with preferential
elimination of chromosomes that do
not bear the sex-determining locus.
This would lead to female offspring
bearing the same genotype as their
mother at the chromosome with the
sex-determining locus, and haploid
genotypes at all other chromosomes.
This could be tested by determining
the ploidy of homozygous females for
each chromosome individually.
The Jordan et al. [3] study adds an
unanticipated level of complexity to
the already intricate life of the Cape
honeybee. A colony comprises an
eclectic cocktail of relatives and
non-relatives, with the mother queen,
her aberrant daughters workers and
theirasexual royaloffspring, thequeen’s
own royal offspring (both sexual and
asexual!), and the asexual offspring of
numerous unrelated free-riders. This
family structure, the most baroque
reported in any living organism, is yet
more evidence that the consort of
haplodiploidy and caste-determination
systems sets the evolutionary stage
for the emergence of extraordinary
reproductive and genetic systems in
social insects [12–16].
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Sexual identity in fungi is conferred by a diverse group of transcription factors.
Analysis of a Zygomycota genome, representing a basal branch within the
fungi, indicates that HMG-domain proteins were present as ancestral sex
determinants and suggests a mechanism for the evolution of eukaryotic
sex chromosomes.
Paul S. Dyer
Fungi have some of the most
fascinating and diverse sex lives in
nature. They include species with two
defined sexes of opposite ‘mating
type’, which undergo typical mating
between complementary partners
Current Biology Vol 18 No 5
R208(outcrossing or ‘heterothallism’).
However, the fungi also include groups
such as themushrooms and toadstools
where thousands of different sexes
may occur [1,2], yeasts where silent
cassettes of genetic information
allow interchange of sexual identity
[3,4], pathogens in which same-sex
mating can occur [5], and
lichen-forming fungi inwhich the sexual
act may be prolonged for months or
even years [6]. Furthermore,many fungi
are self-fertile (homothallic) whilst
retaining the ability to outcross [7–9].
Given the tremendous diversity of
breeding systems there has been
much interest in the molecular-genetic
basis of sex determination in fungi.
A newly published paper [10]
provides key insights into the genes
originally responsible for conferring
sexual identity in fungi and how
regions containing these genes
have undergone subsequent
evolution.
Previous research has focussed on
the Dikarya — the most evolutionarily
advanced group in terms of
complexity, representing over 97%
of all known fungal species. It has
been discovered that genes controlling
sexual identity encode proteins with
DNA-binding motifs, consistent with
a role as transcriptional activators of
sex [11]. In outcrossing species, these
genes are located at specific regions
of the genome termed mating-type
(MAT) loci, which differ in sequence
between isolates according to their
mating type. In the Ascomycota,
MAT regions range in size from
approximately 1–6 kilobases and
normally contain between one and
three MAT genes, which encode
homeodomain, a-domain and/or high
mobility group (HMG)-domain
transcription factors (the latter HMG
proteins are related to the SRY protein
responsible for male sex determination
in mammals). The particular type of
MAT genes present varies according
to taxonomic grouping [12–14]. In
contrast, the Basidiomycota have
more complexMAT regions, whichmay
span over 100 kilobases and contain
more than 20 genes [2,15]. They share
the key feature that homeodomain
transcription factors encoded by
the MAT loci determine sexual
compatibility, noting that HMG genes
elsewhere in the genome may also
be required for successful mating
[10,11]. Current knowledge of sexual
processes in fungi has recently been
summarized in an book edited by
Heitman et al. [16].
The presence of such sexual
diversity has raised the fundamental
question of what was the ancestral
structure of the MAT locus in fungi
and what type of MAT genes were
there? The new work of Idnurm et al.
[10] helps to elucidate the original
organization and subsequent evolution
of MAT loci in fungi. Recently
released genome sequence data from
Phycomyces blakesleeanus was
exploited, with BLAST searches made
for known MAT transcription factors.
This was significant, because the
species is a member of the
Zygomycota, a basal taxonomic
grouping within the fungi, which might
be expected to possess MAT loci
resembling those of more primitive
ancestral fungi.
Genes encoding homeodomain or
a-domain proteins relating to mating
were not detected, but a family of ten
HMG-domain encoding genes were
found in the P. blakesleeanus isolate
used for genome sequencing, which
was of minus (2) mating type [10]. The
polymerase chain reaction (PCR) was
then used to attempt to amplify the
same HMG genes from isolates of
the plus (+) mating type. Nine genes
amplified from all strains, but one
HMG gene was absent from all (+)
strains, suggesting it was linked to (2)
sex specificity. The corresponding
genomic region from a (+) strain was
amplified by inverse PCR, and a
divergent HMG gene from that found
in the (2) strain was discovered. The
sexM (sex minus) HMG-domain gene
was located in a 3,494 base-pair region
specific to the (2) mating type, whilst
the sexP (sex plus) gene was located
in a 5,830 base-pair region specific to
the (+) mating type (Figure 1). These
sex regions were flanked by genes
conserved in both mating types, similar
to the idiomorph structure seen in
ascomycete fungi [13]. No other genes
were reported from these sex regions,
although a repetitive DNA element was
found in the (+) mating-type region [10].
Significantly, the sex genes shared
sequence identity (w36% in the most
conserved region), were asymmetric
in position and inverted relative to
each other.
Various lines of evidence were
provided to demonstrate that these
sex genes are functional in conferring
sexual identity [10]. First, a consistent
linkage was shown between the
presence of specific sex genes and
the sexual genotype of progeny from
crosses— the progeny of sexM or sexP
genotype were invariably of (2) or (+)
mating type, respectively. Second,
a mapping approach revealed that
sexual genotype was linked to an area
of 34 kilobases containing the sex
regions within the total 65 megabase
genome. Third, the sex genes were
upregulated duringmating. Finally, rare
strainswere identifiedwhich harboured
both sexM and sexP genes, and these
produced zygophore-like structures
indicating partial self-fertility. Indeed
one strain occasionally produced
zygospores similar to those from
a normal cross.
Three major observations may be
made from these results. First, it is
likely that a relatively small region
containing an HMG-domain-encoding
gene was the ancestral state of the
MAT locus for both heterothallic
Dikarya and Zygomcota. This region
has since undergone considerable
evolution, involving processes such as
sequence divergence, gene capture
sexM
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Figure 1. Structure of the sex locus of Phycomyces blakesleeanus.
Green boxes indicate HMG-encoding domains present in the sexM and sexP genes. Solid grey
boxes indicate near identical flanking sequence in both mating types. Dotted arrows indicate a
possible ancient DNA inversion event.
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R209and gain, and gene loss, leading to the
MAT loci seen in extant Ascomycota
and Basidiomycota (Figure 2). This
hypothesis is supported by preliminary
evidence provided that HMG genes
also mediate sexual identity in the
zygomycete species Rhizopus oryzae
[10]. Ironically, this refutes the idea that
homeodomain genes were present
in ancestral MAT loci, as once
seemed likely based on the yeast
paradigm and their presence in the
Basidiomycotina [15]. Second, the fact
that incorporation of both sex genes
into the same genome could lead to
self-fertility, as seen in present day
Aspergillus and Cochliobolus species
[8,17,18], illustrates the remarkable
fluidity of fungal sexual systems even
from an early stage. And third, the
inverted arrangement and relatedness
of the sex genes suggested that an
ancient DNA inversion event (Figure 1),
linked to suppressed recombination
and subsequent sequence divergence,
may have been the driving force for
the evolution of the MAT locus — the
sex genes are divergent homologues
from a single original HMG gene
regulating sexual processes. Indeed,
Idnurm et al. [10] proposed that such
a pattern of simple inversion and
sequence divergence may represent
a commonmechanism driving initiation
and expansion of sex-determining
regions in diverse eukaryote
lineages.
There still remain unanswered
questions. Particularly puzzling is
how different forms of pheromone
signalling have arisen in the fungal
kingdom. The Dikarya utilize peptide
pheromones whereas the basal
Zygomycota and Chytridiomycota
utilize non-peptide pheromones such
as trisporic acids and sesquiterpenes
[19,20]. The fungi still retain many of
their sexual secrets.
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Figure 2. Proposed evolution of MAT loci within the fungal kingdom.
Fungal taxa shown in capitals. Major evolutionary events at the MAT locus include: 1) reloca-
tion/loss of HMG and gain of homeodomain transcription factors; 2) gain of a-domain tran-
scription factor; 3) gain of homeodomain transcription factors; 4) gain of silent cassettes
and relocation/loss of HMG transcription factors. Data from [2,10,14].
